INTRODUCTION
A long-standing problem in neuroscience is how we select appropriate responses in the continuously changing world around us. This problem is typically separated into two components: the "what-to-do" and the "how-to-act" problems (Goodale and Milner 1992; Scott 2016; Wong et al. 2015) . The what-to-do problem is associated with evaluating the number of options or goals and the constraints imposed by bottom-up factors, such as sensory information and saliency (Bisley and Goldberg 2010) , as well as top-down influences, such as internal desires or expectations (Andersen and Cui 2009; Haggard 2008) . The how-to-act problem relates to the specification of action parameters, such as the selection of effectors (Beurze et al. 2007; Dancause and Schieber 2010; Leoné et al. 2014; Oliveira et al. 2010; Schweighofer et al. 2015) , the movement trajectory, and the muscular contractions that generate this trajectory (Ting et al. 2012; Todorov 2004) . The specification of action parameters is often supposed to be based on the costs of the movements (Soechting and Flanders 1992) , including the costs associated with contraction of the muscles that actually generate the action (Cos et al. 2011; Schweighofer et al. 2015) . In this article, we focus on the how-to-act problem in the context of deciding which hand to use to reach a goal.
In a dynamic environment with varying configurations of the actor and targets, the relationship between the choice of action and its outcome is not fixed. To describe this relationship, the notion of a spatial reference frame is indispensable (Crawford et al. 2004 (Crawford et al. , 2011 . For example, Scherberger and colleagues (2003) tested the reference frames involved in target selection for reaching and saccadic eye movements. Monkeys had to saccade or reach to one of two stimuli presented in close succession to the left and right of a fixation position. The authors probed target preferences by manipulating the relative timing of the two stimuli: e.g., rightward reaching movements are favored when the rightward stimulus is presented earlier. By varying gaze, head, and trunk position, they found that these target preferences are embedded in a mixture of gazeand head-centered reference frames, and not a body-centered frame, for both saccade and reach targets (Scherberger et al. 2003 ; see also Horstmann and Hoffmann 2005 for analogous findings in humans).
If target and hand selection were part of an integrated computation for movement planning (Beurze et al. 2007; Cisek 2007; McGuire and Sabes 2009) one could also predict a role of gaze-and head-centered reference frames in hand selection, but this has not been tested. Recent work on hand selection has only considered body-fixed, muscle-based factors, such as handedness (Bryden et al. 2000; Gabbard et al. 2003 ) and biomechanical movement cost, which depends on the distance and direction of the target relative to the hand (Dancause and Schieber 2010; Oliveira et al. 2010; Schweighofer et al. 2015) . In the present study, we keep these biomechanical factors constant and test the role of gaze-and head-centered reference frames in hand selection for reaching movements.
We measured hand choices of human subjects instructed to perform unimanual reaching movements toward targets pre-sented at various directions relative to their body midline. Using an adaptive procedure, we determined the target direction for which subjects selected both hands equally often. This balanced target angle (BTA) was taken as a quantitative measure of hand preference. By systematically varying gaze direction and head orientation, we determined the frame of reference used for this decision of hand choice. . Nineteen subjects (11 women, 8 men; , with normal or corrected-to-normal vision and no known motor deficits participated in the experiment. All subjects gave their written informed consent before the experiment. The Edinburg Handedness Inventory (Oldfield 1971) showed that all subjects were right-handed (mean laterality quotient: 89, SD: 15). The study was approved by the ethics committee of the Faculty of Social Sciences of Radboud University Nijmegen. One subject was excluded because of failure to follow task instructions.
METHODS

Participants
Setup. Subjects were seated, viewing a touch screen positioned in the horizontal plane at the level of their thoracic diaphragm. Their trunk was restrained by a five-point seat belt, and their head was kept in a fixed orientation around the yaw axis by an ear-fixed mold. A horizontal bar with five lights (red LEDs, luminance 1 cd/m 2 ) was positioned 60 cm away from the subject, below eye level ( Fig. 1A) , and at 13 cm above the far edge of the touchscreen. The central LED was aligned to the subject's midsagittal plane. The other LEDs had directions of Ϫ18°, Ϫ9°, ϩ9°, and ϩ18°relative to the cyclopean eye when the head is facing straight ahead ( Fig. 1B ) and served to direct gaze in the desired direction. In addition, these LEDs served as landmarks to orient the head. Subjects wore a head-mounted laser that projected a faint dot that could be aligned with one of these LEDS to guide the head into the desired orientation. Once the head had adopted the correct orientation we fixed it in this orientation with the ear-fixed mold. It should be noted that, because changing head orientation after every single trial would practically be infeasible, we maintained the same head orientation for a block of trials. The targets for the reaching movement were presented on the touch screen in the lower visual field. Subjects' hands never obscured the fixation LEDs. Because of the LEDs and the back light of the touch screen, the experimental room was dimly lit.
The resolution of the 27-in. touch screen (ProLite Iiyama; Iiyama, Tokyo, Japan) was full HD (1,920 ϫ 1,080 pixels). The two starting positions (green circles, diameter 3.5 cm) for the left and right index fingers were presented on the screen at a distance of~30 cm from the subject's sternum and 9 cm on either side of the body midline. Reach targets were presented as yellow circles of 3.5-cm diameter on an imaginary semicircle with a radius of 25 cm and its midpoint between the starting positions. Target directions ranged from Ϫ60°to 60°, with 0°representing the forward direction from this midpoint (Fig. 1A) . The onset of the target was determined with a photo diode and used for off-line calculation of reach reaction times.
Binocular eye position was recorded at 500 Hz with an eye tracker (EyeLink 1000; SR Research). Before the experiment began, the eye tracker was calibrated in the horizontal dimension involving a threepoint calibration procedure with the LEDs at Ϫ9°, 0°, and 9°. Since the body was stationary during the experiment, head-on-body orientation equals head-in-space orientation and is referred to as head orientation for short. The orientation of the eyes within the head, as measured by the tracker, in combination with the orientation of the head relative to the body, defined the orientation of the eyes on body/space [i.e., gaze (G) ϭ eye-in-head (E) ϩ head-on-body (H)]. Rightward orientations were taken as positive. The experiment was controlled with custom-written software in Python.
Experimental paradigm. The experiment was designed to test the effect of gaze direction and head orientation on the decisions of hand choice in reaching to visual targets that were presented at various directions (but at the same distance) relative to the midpoint of the hands' starting positions. Before a block of trials, the subject's head was oriented in one of the five possible directions (H; Fig. 1B ). At the beginning of a trial, gaze was directed to an LED on the horizontal bar above the touch screen. Subsequently, subjects had to place the tips of their index fingers on the respective starting positions, which were green circles that turned to yellow once achieved. Next, after a delay of 1 s, while the subject's fingers were still on their starting locations, the reach target was presented, which subjects had to reach as fast and accurately as possible with either their left or right hand. The target disappeared from the screen as soon as it was touched, which instructed the subject to bring the hand back to the starting position, and the next trial started. If the first reach did not end on the target, subjects had to correct their movement until the target was touched.
Target directions were determined according to an adaptive psi procedure (Kontsevich and Tyler 1999) . On the basis of the chosen hand in the current trial, the adaptive Psi procedure computes the direction of the target to be presented in the next trial, based on maximizing the expected information gain, i.e., based on entropy. Although this adaptive procedure results in a variable number of trials probed for a particular target direction, it quickly converges to the target angle that balances left and right hand responses. We refer to the angle for which left and right hand responses are equally probable as the balanced target angle. The procedure also provides a good estimate of the transition range from left to right hand responses (i.e., the slope of the psychometric curve).
In 10% of the trials, two targets were presented simultaneously, forcing subjects to reach with both hands. These catch trials were introduced to deter subjects from making the hand choice before target onset and were not part of the adaptive psychometric procedure. In another 10% of the trials, targets were presented at the peripheral end of the target range (Ͼ40°relative to the head) to ensure that subjects kept paying attention to the task. The hand choices in these trials were included in the computation of the next target direction.
Because of the constraints of the oculomotor range, we did not test trials in which eye-in-head orientation (E ϭ G Ϫ H) was beyond Ϯ18°, which led to a balanced, but incomplete, 5 ϫ 5 block design -18 º -9 º 0 º 9 º 18 º head (H) eye in space = gaze (G)
-18 º -9 º 0 º 9 º 18 º A B Fig. 1 . Experimental setup. A: with gaze (dotted line) and head in specific orientations, subjects had to make a unimanual reach from a start position (1 for each hand; circles indicate where the index fingers are placed) to a target in front of them (potential targets appear on an imaginary circle, illustrated by dashed gray line). B: gaze directions (top) were enforced by a fixation LED and varied from Ϫ18°to 18°in steps of 9°. The head (bottom) was restrained with an ear-fixed mold and adopted an orientation between Ϫ18°a nd 18°(in 9°steps) relative to the body/space. with a total of 19 unique combinations of gaze direction and head orientation (see Fig. 1B ). The five different head orientations were tested in separate blocks, with two orientations tested on one day and three on the other day. Blocks were counterbalanced across subjects, with the exception that the 0°head orientation was always tested on the first day (either as the first or second block of trials). Furthermore, the Ϫ18°and ϩ18°head orientations were always examined on the second day, which involved fewer trials than the other conditions because of the constraint on the eye-in-head orientation. For a particular head orientation, there were three to five possible gaze directions ( Fig. 1B) . Gaze directions were selected pseudorandomly. Each condition involved a separate psi procedure for updating target directions based on the associated hand choices. Data analysis. Off-line data analyses were performed in MATLAB 2015b (MathWorks). To check whether subjects maintained gaze fixation we analyzed the eye position signal derived from the EyeLink data. The downward gaze to the LEDs combined with viewing the screen in the horizontal plane severely complicated the eye tracking. To this end, we required that eye position was recorded in at least two-thirds of the fixation epochs, i.e., the interval between target onset and movement onset. In only 5% of those epochs were the eye position differences Ͼ2.5°(fixation constraint), suggesting that overall subjects maintained fixation.
Choice data were based on the touch screen measurements. Reaction time was defined as the time between target onset and movement onset. Movement time was defined as the time between movement onset and the time the target was reached. Trials with movement times Ͼ600 ms were excluded since these often involved corrective movements. Because of a coding error, movement time data (not reaction time data) and data of one condition (head orientation 18°combined with gaze direction 18°) were lost in two subjects.
We used a linear mixed model to test whether reaction time and movement time depended on head orientation and gaze direction. In this model, head orientation, gaze direction, and head ϫ gaze direc-tion were fixed variables and reaction time and movement time were dependent variables.
We determined hand choice as the hand that departed first from the touch screen, i.e., lost contact with its starting position after the target was presented. Hand choice preferences were quantified as the proportion of choosing the right hand for each target direction. We summarized the psychometric data from a single combination of gaze direction and head orientation by fitting a cumulative Gaussian distribution using a maximum likelihood approach (Wichmann and Hill 2001) .
in which x represents the target direction from the midway point between the start positions (see above). The mean of the curve, , represents the BTA, i.e., the angle at which the right and left hands were chosen equally often. A negative BTA indicates a shift toward selecting the right hand more often than the left hand. Parameter is the standard deviation of the Gaussian and reflects the variation in choice behavior. Parameter represents the lapse rate, accounting for deviant arm choices caused by subject lapses or mistakes, e.g., unduly reaching with the left hand to a far right target. Its value was restricted to small values (see Fig. 5 ).
We determined independent psychometric functions for each of the 19 combinations of head orientation and gaze direction, with each psychometric curve characterized by its own , , and , amounting to 19 ϫ 3 parameters to describe the whole data set of one subject.
Because we independently varied gaze direction and head orientation, and hence also eye-in-head direction, we can determine how the BTA depends on these reference frames. We used a linear mixed model to test the effects of gaze and head on the BTA, with gaze direction, head orientation and gaze ϫ head as fixed factors and BTA as dependent variable. Figure 2 tions of gaze direction and head orientation. The figure serves to illustrate various hypotheses about spatial reference frames involved in guiding hand choices, as derived from a psychometric model of the BTA with different constraints on gaze direction and head orientation. For example, in Fig. 2A , there is no influence of gaze or head, consistent with a body-based reference frame (BTA ϭ a 0 ). This model predicts a constant value for the BTA, irrespective of gaze direction and head orientation, as demonstrated by the constant color coding. In Fig. 2, B-D, we illustrate the dependence of the BTA on gaze direction only (BTA ϭ a 0 ϩ a G G), head orientation only (BTA ϭ a 0 ϩ a H H), and eye-in-head orientation only [BTA ϭ a 0 ϩ a E (G Ϫ H)], respectively. Figure 2E illustrates the expected BTA pattern under the hypothesis of a mixed, additive reference frame, with an independent influence of gaze direction and head orientation (BTA ϭ a 0 ϩ a G G ϩ a H H). Finally, Fig. 2F depicts the interacting reference frames hypothesis, with the assumption that gaze and head interact in the modulation of the choice bias
We fit all six models to the response data from the individual subjects. In all of these models, we assumed that the steepness of the psychometric curves (1/ 2 ) is constant across the different conditions, which was statistically validated with a linear mixed model (see RESULTS) . For model comparison, it should be realized that the body frame model has three free parameters: a 0 , , and lapse rate; the gaze, head, and eye-in head frame models have four free parameters (a 0 , a G /a H /a E , , and lapse rate); the mixed additive frame model has five free parameters (a 0 , a G , a H , , and lapse rate), and the mixed interaction frame model has six free parameters (a 0 , a G , a H , a GH , , and lapse rate). To account for the different numbers of free parameters, we compared these models using the Akaike information criterion (AIC; Burnham and Anderson 2002) , AIC ϭ Ϫ2logL ϩ 2k, in which L represents the total likelihood of the data given the model and k is the number of free parameters.
RESULTS
We studied the effect of gaze direction and head orientation on hand choice in a unimanual reaching task. Subjects were free to use either hand to reach for a target while gaze and head orientation were systematically manipulated relative to the body. Hand choices were psychometrically evaluated based on different hypotheses about the underlying reference frame(s) in which hand selection could take place.
Hand choices are modulated by gaze direction and head orientation. Figure 3 shows the choice data in each of the 19 unique conditions of one representative subject in a panel for each of the five different gaze directions. Each panel shows the proportion of right hand choices (circles), separately for the different head orientations, and the fitted psychometric curves as a function of target direction; the size of the circles indicates the number of trials in a given bin of target directions. As shown, the ipsilateral hand was typically selected to reach for peripheral targets, i.e., the left hand reached to targets at directions less than Ϫ50°, the right hand was chosen for targets at directions greater than ϩ50°.
We fitted a cumulative Gaussian function to the choice data of each condition. These fits provide an estimate of the condition-specific BTA. A negative BTA indicates that the right hand is selected more often than the left hand, whereas a positive BTA indicates the reverse. While the subject in Fig. 3 shows a general preference for selecting the right hand, this preference depends on both gaze direction and head orientation. For example, in Fig. 3A , when gaze is at ϩ18°, the BTA tends to become more positive when the head is oriented more to the right (from 0°to 9°to 18°). A similar modulation can be seen in Fig. 3, B-E, showing the choice for the other gaze directions. The BTA becomes more positive, which means that the left hand is used increasingly more, when head orientation is varied from leftward to rightward directions. Next to a head orientation effect, the panels of Fig. 3 also show that the BTA increases with gaze direction. For example, across Fig. 3, A-E , the yellow curve, which is associated with a head orientation of 18°, suggests a BTA of~18°when gaze is at 18° (Fig. 3A) , 10°when gaze is at 9° (Fig. 3B) , and~5°when gaze is at 0° (  Fig. 3C) . The BTA is more positive when gaze is directed to more rightward directions, which means that the left hand is used increasingly more when gaze is directed from leftward to rightward directions.
Hand choice is embedded in a mixed, additive reference frame. Figure 4A illustrates the gaze direction-and head orientation-dependent BTA averaged across subjects, in the same format as Fig. 2 . Data mimic the single-subject observations in Fig. 3 . The overall negative BTA indicates a preference for selecting the right hand, but the color gradient shows that this selection preference diminishes, and sometimes even reverses to the left hand, with increasing gaze direction and head orientation (i.e., more rightward gaze or head results in more left hand use). In support, for each gaze direction the BTA shows a significant increase with head orientation [F(4,321) ϭ 9.90, P Ͻ 0.001] and for each head orientation the BTA increases significantly with gaze direction [F(4,321) ϭ 6.16, P Ͻ 0.001]. Note that these systematic dependencies were not found in relation to the slope (ϭ width) of the psychometric curves [head orientation: F(4,321) ϭ 0.95, P ϭ 0.44], gaze direction [F(4,321) ϭ 0.40, P ϭ 0.81], or interaction gaze ϫ head [F(10,321) ϭ 0.85, P ϭ 0.58], which is a prerequisite for distinguishing between the candidate models.
In terms of the proposed hypotheses, the pattern in Fig. 4A seems to match most closely with Fig. 2E , which illustrates the hypothesis that hand choice is performed in a mixed, additive spatial reference frame. The response patterns shift with the changes in both head orientation and gaze direction, indicating that both reference frames are involved in guiding hand choice. To verify this observation, we used the AIC to select the best model of the six fitted candidate models. A lower AIC value indicates a better-fitting model, including the penalty for increasing the number of parameters in the model (see METHODS). As shown by Fig. 4B , the mixed additive reference frame model outperforms the other models (BTA ϭ a 0 ϩ a G G ϩ a H H). The model describing an interaction effect of gaze and head was the second-best model, but the addition of an interaction term (which is an additional degree of freedom) did not make this model statistically better than the mixed additive reference model. The AIC values for the other, simpler, models were orders of magnitude higher, indicating they fall short in providing an adequate account of the data. Figure 4 , C and D, illustrate the quality of the mixed additive reference frame model as a description of the data. As shown, the model is qualitatively in good agreement with the measured BTAs. The within-subject correlation coefficient between the model predictions for the BTA and the BTAs from the psychometric fits varied between 0.18 and 0.81 and was significant in 15 of 18 participants. Figure 5 illustrates the parameter values of the mixed additive reference frame model, fit to single-subject data and the data averaged across subjects. Parameter a 0 , describing the general choice bias, was on average Ϫ8.1°(SD ϭ 0.9°), indicating an overall preference for using the right hand, consistent with the right-handedness of our subjects. Parameters a G and a H had similar magnitudes [mean a G 0.19 (SD ϭ 0.04), mean a H 0.19 (SD 0.04)], suggesting that both gaze and head reference frames have comparable effects on hand selection. was on average 21°(SD ϭ 3.5) and lapse rate around 0.07 (SD 0.04).
Reach reaction time and duration do not depend on gaze and head orientation. It is possible that the manipulations of head orientation and gaze direction affect the time by which the competition between the hands is resolved, which would behaviorally be reflected in changes of reaction time. A linear mixed model analysis, however, revealed no significant difference among reaction times for reaches made with different orientations of the head and/or directions of gaze [all P Ͼ 0.2, average reaction time: 405 ms (SD ϭ 85 ms)]. The same analysis also did not reveal an effect on movement time [P Ͼ 0.6, mean movement duration 309 ms (SD ϭ 72 ms)]. This suggests that gaze direction and head orientation do not influence the complexity of the decision process of hand choice per se. Their choice-biasing effects rather reflect the spatial reference frames that are involved in these computations.
DISCUSSION
Recent studies have considered hand selection as a competitive process (Bakker et al. 2017; Oliveira et al. 2010; Schweighofer et al. 2015; Stoloff et al. 2011) , in which relative costs, rewards, task demands, and handedness are modulating factors (Schweighofer et al. 2015 ). Here we systematically tested the spatial reference frames that are involved in these computations by manipulating gaze direction, head orientation, and target direction. We used a psychometric approach, adopted from Oliveira et al. (2010) , asking participants to reach with a freely chosen hand to a visual target that appeared at a variable direction relative to the body.
We determined the target angle that led to equiprobable right/left hand choices, referred to as the balanced target angle (BTA). Our results show that subjects generally chose the hand ipsilateral to targets in the periphery and showed a general preference for selecting the dominant right hand for targets around the BTA. While Oliveira and colleagues (Oliveira et al. 2010 ) did not manipulate gaze and head orientation, we examined how the BTA varied with gaze and head orientation. Findings show that both gaze direction and head orientation had a significant effect on the BTA. The BTA shifts with both gaze and head, as if subjects are more likely to use the contralateral hand when gaze and head are oriented to more eccentric directions. A single model, constraining the BTA by a linear dependence on both gaze and head orientation, provided a good fit (i.e., mean R ϭ 0.61) to all psychometric data simultaneously. Interestingly, this linear combination does not bear out as an eye-in-head (gaze minus head) effect: both gaze and head direction affect the hand choice bias in the same way. Also, the addition of an interaction term between gaze and head did not allow for a statistically better account of the data. We conclude that a linear mixture of head-and gaze-centered reference frames is involved in guiding the decisions of hand choice.
It is important to emphasize that effects unrelated to gazeand head-centered reference frames, such as handedness and biomechanical costs (Bakker et al. 2017; Schweighofer et al. 2015; Soechting and Flanders 1992) , known to affect hand choice, are associated with a body-centered reference frame. If hand selection involves a purely body-centered computation, e.g., of biomechanical movement cost, then we must conclude on the basis of our data that head and gaze reference frames affect these cost computations, although physically movement costs are invariant to changes in head orientation and gaze direction.
One could consider multiple ways in which gaze-and head-centered reference frames affect body-centered cost calculations. For example, it could be argued that the transformation of the target location from retinal into body-centered coordinates, which involves gaze and head reference frames (Crawford et al. 2011) , is erroneous and has resulted in the choice biases that we have observed. The alternative is that peripheral targets are misperceived and this misperception depends on gaze (Lewald and Ehrenstein 2000) but the reference frame transformation is correct. The visual positional uncertainty increases as a function of eccentricity because visual detail depends on the region of the retina that receives visual information (Carrasco et al. 1998) . While this could also affect the choice bias, we consider this explanation less likely because our results show that hand selection is also biased by changes in head orientation, even when gaze is kept constant. Finally, it has been argued that the perception of the body midline shifts with changes in the direction of gaze and head (Jeannerod and Biguer 1987; Werner et al. 1953 ). If hand selection is performed in body coordinates, it is not unreasonable to expect changes in the choice bias when this body midline percept is manipulated.
We are not aware of other behavioral studies that have investigated the effects of gaze and head orientation on the decision of hand choice in humans. A recent study in monkeys (Dancause and Schieber 2010) examined hand choices made by monkeys under different head orientations. Hand preference produced the strongest bias on hand choice, but the authors also reported a modulation by head orientation; monkeys were more likely to choose the hand ipsilateral to the head direction. The latter appears inconsistent with the present results, but it can be argued that the difference in gaze has contributed to their observed bias. The present data set, which is richer in terms of gaze and head manipulations, allows us to exactly point that out. As shown in Fig. 4 , gaze and head effects sum up in the bias of hand choice, so any contralateral or ipsilateral bias on hand choice follows from the combination of the two reference frames.
In the present study, we constrained the processes related to target selection (i.e., the what-to-do process) by presenting subjects with single targets and examining their hand choice. In natural conditions, however, not only do reaching movements require a solution to the how-to-act process but also the what-to-act process needs to be resolved. Along these lines, earlier studies have demonstrated a target preference in relation to the hand that is used (Fisk and Goodale 1985; Horstmann and Hoffmann 2005; Scherberger et al. 2003) . Scherberger et al. (2003) studied the reference frames of target selection of reaching movements. They varied gaze direction, head orientation, as well as trunk orientation and found that target selection of reaching movements depended on a mixed head-and gaze-centered reference frame. They also reported similar findings for saccadic eye movements, which were later replicated by Horstmann and Hoffmann (2005) , who also found them to hold for coordinated, i.e., simultaneous, movements of eyes and hand (see also Rincon-Gonzalez et al. 2016; Wardak et al. 2002 for other studies on saccadic target selection). Thus the what-to-do and the how-to-act decision processes demonstrate similar choice characteristics in that both share a mixed head-and gaze-centered reference frame in their computations. This can be taken to suggest that both processes are part of an integrated computation, consistent with current models of action selection (Cisek and Kalaska 2010; Gold and Shadlen 2007) . Signatures of these reference frames can even be detected at the level of movement execution, in movement errors and other kinematic variables (Beurze et al. 2006; Crawford et al. 2011; Henriques and Crawford 2002; McGuire and Sabes 2009; Sainburg et al. 2003) .
From a neural perspective, movement selection has been suggested to involve the selective (dis)inhibition of cortical sensorimotor populations governed by rhythmic neural activity in various frequency bands (Hamel-Thibault et al. 2018; Tzagarakis et al. 2015; Van Der Werf et al. 2010 ). Our results predict that crucial rhythms for hand selection show selectivity in both gaze-and head-centered reference frames, which would be a test for future work. Using the same hand selection paradigm in EEG, but with only central head and gaze, Hamel-Thibault et al. (2018) revealed that hand selection strongly depended upon the instantaneous phase of delta band oscillation at target onset, as if selection occurs through interactions between these competing neuronal ensembles. This effect was maximal over parietofrontal motor regions, suggesting that the competition of hand selection is resolved directly within the sensorimotor system. In support, using transcranial magnetic stimulation, Oliveira et al. (2010) reported causal evidence that the posterior parietal cortex is involved in decisions of hand choice. Our results are consistent with the variety of reference frames that have been reported for these cortical regions (Beurze et al. 2010; Bremner and Andersen 2014; Pesaran et al. 2006 ) as well as their contralateral hand bias (Beurze et al. 2007; Haar et al. 2017) .
Interestingly, in area 5, neurons become only activated after the hand of the reach is specified (Cui and Andersen 2011) , thereby showing a flexible, task-dependent reference in the representation of target information (Bremner and Andersen 2014) . Similar results have also been found in humans (Bernier et al. 2012) , as though effector selection is a prerequisite for a movement plan, or multiple movement plans, to be specified. While these results suggest that the process of effector selection occurs in a more serial manner than target selection, our findings suggest that a mixture of reference frames is involved in both mechanisms, perhaps to dynamically facilitate the integration of the outcome of both processes. 
